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MAMMALS HAVE ADAPTIVE MECHANISMS to detect and respond to fluctuations in dietary nutrients. At the level of tissues and cells, dietary protein malnutrition is manifested as amino acid deprivation, which activates an amino acid response (AAR) (reviewed in Ref. 34) . Amino acid limitation regulates nearly every step in gene expression (reviewed in Ref. 33) , including transcription (4, 26, 33) , posttranscriptional steps (37, 39, 52, 77) , and translational processes (22, 76) . Recent evidence also suggests that multiple signaling pathways are activated by amino acid limitation (8, 66) . Several of the proteins that mediate the transcriptional component of the AAR have been identified and include members of the activating transcription factor (ATF) and CCAAT/enhancer binding protein (C/EBP) subfamilies of the basic region/leucine zipper (bZIP) transcription factor family. For the pathway most extensively studied, the general control nonderepressible 2 (GCN2) kinase acts as an intracellular amino acid concentration sensor by binding uncharged tRNA, leading to phosphorylation of the translation initiation factor eukaryotic initiation factor-2␣ (eIF2␣) on serine 51 (62) . The kinase activity of GCN2 is activated when the protein binds any one of the uncharged tRNA molecules, and so depletion of the cellular level of any individual amino acid can trigger the AAR (49) . Gcn2 kinase-deficient mice have revealed that recognition of an amino acid-imbalanced diet by the brain, and the subsequent changes in feeding behavior, require uncharged tRNA sensing by Gcn2 (21, 46) . The resulting phospho-eIF2␣ suppresses general protein synthesis but promotes a paradoxical increase in translation of selected mRNA species with upstream open reading frames, including ATF4 (42, 68) . ATF4 triggers increased transcription from amino acid-responsive genes by binding to C/EBP-ATF response elements (CARE), so named because they are composed of a half-site for the C/EBP family and a half-site for the ATF family of transcription factors (18, 74) . ATF4 is expressed in response to a variety of stress conditions by enhanced translation from preexisting ATF4 mRNA (42, 68) . Amino acid deprivation (82) , endoplasmic reticulum (ER) stress (23) , the presence of dsRNA (81) , and heme deficiency (80) each lead to eIF2␣ phosphorylation that, in turn, promotes increased ATF4 translation. Despite increased ATF4 expression by all four stress conditions, at the level of transcription specificity is achieved. For example, the SNAT2 amino acid transporter gene contains a C/EBP-ATF site that binds ATF4 in increased amounts after activation of either the AAR or ER stress, but transcription from the gene is only enhanced by the AAR (19) . Consequently, the gene expression profile for each of these "ATF4-dependent" pathways needs to be established.
Amino acid homeostasis is highly dependent on dietary protein intake given the body's inability to synthesize approximately half of the amino acids, but few studies have screened the entire genome for the effect of protein or amino acid limitation. Before the availability of arrays covering the entire genome, microarray analysis of ATF4-deficient fibroblasts documented that ATF4 regulates a wide range of genes involved in amino acid transport, metabolism, oxidation status, and energy management (24) . Endo et al. (17) used microarray analysis to show that total dietary protein deprivation of rats affected the hepatic expression of several classes of genes covering many cellular functions. Those results are consistent with data from yeast showing that amino acid limitation alters expression of 10 -20% of the genome (reviewed in Ref. 29 ). More recently, Lee et al. (38) investigated the effect of cysteine deprivation on amino acid-sensitive and oxidative stress-responsive genes through microarray analysis. Those authors concluded that limiting cysteine induced the GCN2-eIF2␣-ATF4 signaling pathway as expected, but most genes known to be activated by oxidative stress were unaffected. Deval et al. (15) screened the mouse genome after leucine starvation of mouse embryonic fibroblasts and discovered that 0.55% and 0.40% of the detected genes were up-and downregulated, respectively, using a cutoff value of 1.8-fold or greater. Dietary amino acid imbalance alters metabolism beyond that for amino acids. Induction of selected genes involved in cholesterol biosynthesis occurs after rats are fed a protein diet based on wheat gluten, which is deficient in lysine and threonine (17) , whereas a protein-free diet results in a decrease in expression of these same genes. To understand the impact of amino acid-regulated metabolic and signaling pathways at the cellular and molecular levels, additional genomic scanning studies are needed to provide insight into the global control mechanisms.
The goal of the present study was to analyze the genomewide changes in gene expression after activation of the AAR in HepG2 human hepatoma cells. The data show that activation of the AAR by treatment of cells with the histidinyl tRNA synthetase inhibitor histidinol (HisOH) caused significant modification of the gene expression profile based on monitoring mRNA content by microarray analysis. The data were analyzed with Ingenuity Pathways Analysis software that illustrated the broad spectrum of cellular functions altered by the AAR and identified a large number of gene networks that revealed many functional interactions not previously known to be responsive to amino acid availability.
MATERIALS AND METHODS
Cell culture. Human hepatoma cells (HepG2) were cultured in Dulbecco's modified Eagle's medium (DMEM), pH 7.4 (Mediatech, Herndon, VA) supplemented with 1ϫ nonessential amino acids, 2 mM glutamine, 100 mg/ml streptomycin sulfate, 100 U/ml penicillin G, 0.25 mg/ml amphotericin B, and 10% (vol/vol) fetal bovine serum (FBS) and maintained at 37°C in an atmosphere of 5% CO 2 and 95% air. The cells were cultured to ϳ60 -70% confluence so that the cells were still in a growth phase during the experiment. At 12 h before initiation of treatment, cells were given fresh medium and serum to ensure that no nutrient deprivation took place before the start of experimental incubations. To activate the amino acid response signal, four plates of cells were incubated in control DMEM and four plates of cells were incubated in DMEM supplemented with 5 mM HisOH for 4 h. HisOH blocks charging of histidine onto the corresponding tRNA and thus mimics histidine deprivation and triggers activation of the AAR (65) . Analysis of eIF2␣ phosphorylation, ATF4 synthesis, and the transcriptional activation of several amino acid-responsive genes has shown that no difference can be detected between HisOH treatment and histidine deprivation.
RNA isolation and labeling. Total RNA was isolated with the Qiagen RNeasy kit (Qiagen), including DNase I treatment before the final elution to eliminate any DNA contamination. The integrity of total RNA was monitored with an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). A 200-ng aliquot of total RNA from four independent incubations for each condition (DMEM vs. DMEM ϩ HisOH) was labeled with the Affymetrix GeneChip 3= IVT Express Kit.
Microarray hybridization and scanning. Biotin-labeled cRNA was fragmented for 35 min at 94°C, and then 0.05 g/l was mixed with the control oligonucleotide B2 (50 pM), 20ϫ eukaryotic hybridization controls (BioB at 1.5 pM, BioC at 5 pM, BioDn at 25 pM, and CreX at 100 pM; Affymetrix 900454), herring sperm DNA (0.1 mg/ml; Promega), acetylated bovine serum albumin (50 mg/ml; GIBCO-BRL), and 2ϫ hybridization buffer. The reaction was heated to 99°C for 5 min, then transferred to 45°C for 5 min, and finally centrifuged at 15,000 g in a microcentrifuge for 5 min. A 200-l aliquot was injected into a Human Genome U133 Plus 2.0 Array (Affymetrix) representing over 47,000 mRNA species and 38,500 known human genes. Hybridization was completed in a 45°C oven for 16 h. The solution was removed, and the array was washed and stained with the Euk-WS2 fluidics protocol and streptavidin-phycoerythrin reagent (Affymetrix). The Genechips were scanned with an Affymetrix G7 scanner. The microarray data have been deposited in the NCBI Gene Expression Omnibus (GEO, accession no. GSE19495).
Microarray normalization and modeling. Microarray data were normalized and a model-based expression matrix was derived with the perfect-match-only algorithms of dChip (40) . For unsupervised analysis of the eight samples, probe sets for which the hybridization signal intensity varied across the data set with a coefficient of variation of Ͼ0.5 were identified and visualized by average linkage hierarchical clustering using the clustering algorithms in dChip. For the supervised analysis of the eight samples, leave-one-out cross-validation and Monte Carlo simulations were performed to determine the ability of significant probe sets to distinguish between control and HisOHtreated cells.
Ingenuity pathway analysis. Gene function interpretation in the context of gene ontology, relevance to canonical pathways, and molecular networks was generated with the web-based software Ingenuity Pathways Analysis (IPA 7.1 software, Ingenuity Systems, http://www.ingenuity.com). Those genes that exhibited a statistically significant differential expression of P Ͻ 0.001 (5,027 genes) were considered altered in expression by activation of the AAR. To reduce the data set to a more reasonable number, of those 5,027 genes only the subset of 1,507 genes that exhibited a change of twofold or greater were subjected to further analysis. For the gene ontology analysis using the IPA database, the major categories of function were molecular and cellular functions, physiological system development and function, and diseases and disorders. Each of these function categories is composed of many subcategories, and each of the significantly altered genes was assigned to these subcategories based on a P value generated by Fisher's exact test that ranked the statistical significance. A P value of Ͻ0.05 indicates a statistically significant, nonrandom association between the AAR-dependent differentially expressed genes and the set of all genes associated with that functional subcategory in the IPA Knowledge Base.
The subset of 1,507 differentially expressed AAR-regulated genes was also used to identify potential interaction between genes and gene products, as reported in the literature and compiled in the IPA Knowledge Base. These data were assembled by the IPA software and are presented as molecular networks. Given that the size of these networks could grow to be quite large, the software caps the number of molecules in each network to 35 to represent the most relevant ones based on the number of connections. These "Network Eligible Molecules" are a subset of the differentially expressed genes analyzed. The software then assembles networks showing interactions between the Network Eligible Molecules and all other molecules in the Ingenuity Knowledge Base. Each network is scored based on the number of Network Eligible Molecules included. The higher the score, the lower the probability of finding the observed number of Network Eligible Molecules in a given network by random chance. The network score is the negative log of Fisher's exact test P value. Only networks with a score of at least 20 (a P value of 10 Ϫ20 or greater) are included in the supplemental data for this article. Real-time quantitative PCR. A 2-g aliquot of total RNA was used to synthesize first-strand cDNA with the SuperScript III First-Strand Synthesis System Kit (Invitrogen, Carlsbad, CA). For real-time quantitative PCR (RT-qPCR), duplicate samples of 1-2 l cDNA were mixed with 12.5 l of SYBR Green master mixture and 6 pmol of forward and reverse primers in a total volume of 25 l. The mixture was subjected to 35 cycles at 95°C for 30 s, 60°C for 30 s, and 68°C for 60 s. RT-qPCR was performed with a DNA Engine Opticon 3 system (Bio-Rad) and detection with SYBR Green. The primers used are listed in Supplemental Table S1 . After PCR, melting curves were acquired by a stepwise increase of the temperature from 55°C to 95°C to ensure that a single product was amplified in the reaction. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. All calculations were based on the ⌬C t (where Ct is threshold cycle) of the analyzed gene relative to the GAPDH mRNA content in the same sample.
RESULTS AND DISCUSSION
Genes were up-or downregulated after HisOH treatment. HepG2 hepatoma cells have become one of the most highly investigated in vitro models for human liver. Given the extensive literature that has been published on the metabolism and signaling pathways within these cells, we chose these cells to determine the genomewide response to amino acid limitation so that our data could be put into the context of these previously published studies. For these experiments, HepG2 cells were incubated for 4 h in control medium (DMEM) or medium containing 5 mM HisOH (n ϭ 4 for each condition). RNA was collected and analyzed by microarray with the Affymetrix Human Genome U133 Plus 2.0 Array chip. As shown in Supplemental Fig. S1 , with both unsupervised and supervised hierarchical clustering analysis the eight arrays were clearly separated into two groups that correspond to the two experimental conditions, cells treated with HisOH and those maintained in the control medium. The complete list of 5,027 genes for which mRNA content was significantly altered (P Ͻ 0.001) is given in Supplemental Table S2 . Analysis of a subset of the 5,027 genes using an arbitrary value of twofold change or greater revealed 1,507 genes, 250 downregulated and 1,257 upregulated. Table 1 includes a partial listing of those genes that were upregulated; for space considerations, a value of ninefold or greater was arbitrarily chosen to illustrate the most highly induced genes. The affected gene products cover a wide range of functions, including proteins involved in cell signaling, stress response pathways, and transcriptional control. In particular, a number of kinases and phosphatases were observed, as were several proteins involved in chromatin structure and gene expression. Conversely, of the 250 genes for which the cellular mRNA content was downregulated, those that changed by threefold or greater are shown in Table 2 . Among these genes was the heat shock protein HSP70, illustrating that amino acid limitation activates specific signal transduction mechanisms but does not elicit a response that would affect other stress pathways such as heat shock. Complete list of differentially expressed genes and additional details of analysis are included in Supplemental Table S2 . AAR, amino acid response.
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Confirmation of genes controlled by AAR.
A number of genes have been documented to be transcriptionally activated by amino acid deprivation, and still others are induced through mRNA stabilization (33, 34) . Some examples of genes for which elevated mRNA content has been documented by either Northern blotting or qPCR are listed in Table 3 . The mRNA for each of these genes was shown to be induced by the microarray analysis, ranging from 2-fold to 27-fold. To further validate the results of the microarray, we randomly picked eight genes not previously reported to be targets of the AAR pathway for additional RT-qPCR analysis (Fig. 1) . Six of these genes were upregulated [chromobox protein homolog 4 (CBX4), ubiquitously transcribed X chromosome tetratricopeptide (UTX), homeobox protein A3 (HOXA3), Ras homolog gene familymember B (RhoB), myeloid/lymphoid or mixed-lineage leukemia 2 (MLL2), and Kruppel-like factor 5 (KLF5)], and two of them [family with sequence similarity 13, member A1 (FAM13A1) and heat shock 70-kDa protein 1A (HSPA1A)] were downregulated based on the microarray data (Supplemental Table S2 ). As shown in Fig. 1 , after activation of the AAR measurement of the steady-state cellular mRNA content by RT-qPCR revealed that each of the chosen genes is regulated (38) incubated HepG2 hepatoma cells with medium lacking cysteine. Despite the fact that each study discovered from 700 to 1,200 regulated genes, only 38 genes were identified to be in common among all three studies (Fig. 2) . This list of genes included those induced by up to 19-fold in the present study (FOS) as well as genes that were down-regulated by nearly 8-fold (HSP70) by HisOH (Supplemental Table S3 ). The 38 genes in common crossed all possible cellular functions. Comparison of the two investigations in the HepG2 cells revealed 125 genes in common that were not detected during the mouse fibroblast study, but liver-specific genes were not overly represented, and thus the basis for this list of unique genes is unclear.
Functions of differentially expressed genes. With the IPA software, a comprehensive analysis of the subset of genes differentially regulated by twofold or greater showed that the amino acid-responsive genes were associated with a broad range of cellular functions. Table 4 lists the number of regulated genes associated with specific areas of cell function or with known diseases. Although amino acid metabolism and amino acid transporters were well represented in the list of altered genes (Supplemental Table S2 ), the list of subcategories that contain large numbers of regulated genes reveals that activation of the AAR pathway has much broader implications for cellular function. Among the subcategories within the category of molecular and cellular functions, large numbers of genes were associated with cellular growth and proliferation, gene expression, cell death, cell development, and the cell cycle (Table 4) . A more detailed analysis revealed that even though a topic such as cell signaling contains hundreds of genes, only 29 genes were affected by the AAR. This result is consistent with the fact that many of these proteins are involved in and regulated by posttranslational modification, but the result provides further evidence for the cellular specificity of the response to amino acid limitation. With a total of 322 genes, the category of cellular growth and proliferation contained the largest group of affected genes, including a number of known AAR target genes, such as ATF3, ATF5, and vascular endothelial growth factor (VEGF). A significant impact on this category of genes is consistent with the observation that amino acid limitation suppresses general protein synthesis and can induce a G 1 -S blockade of the cell cycle (20) . In the second most common subcategory, gene expression, 259 genes were regulated, and of these 237 are related to transcription and transcriptional control. These transcription factors include those known amino acid response regulators, such as DNA damage inducible transcription-3 (DDIT3) or CHOP, JUN dimerization protein-2 (JDP2), tribbles homolog 3 (TRIB3), and ATF3, as well as other transcription factors, including JUN, JUN-B, JUN-D, FOS, FOS-B, early growth response-1, -2, and -4 (EGR1, EGR2, EGR4), GATA binding protein-2 and -4 (GATA2, GATA4), members of the B-cell leukemia/lymphoma family (BCL-3, BCL-6, BCL-2L1, BCL-9L), and members of the SMAD family (Mothers-against-decapentaplegichomolog, SMAD2, SMAD3, SMAD6).
Not surprisingly, several hundred differentially expressed genes were associated with the physiological system development and function category, implying that dietary protein limitation may affect tissue development and maintenance. Indeed, it is known that poor protein nutrition can lead to intrauterine growth retardation and low-birth-weight babies (14, 45) . Significant numbers of differentially expressed genes were found in the hematological system and function (141), tissue development (130), and tissue morphology (127) subcategories (Table 4) . A review of the AAR-regulated genes (Supplemental Table S2 ) revealed many genes transiently expressed during organ development, but genes encoding proteins associated with epigenetic mechanisms suggest that reduced dietary protein intake is likely to cause long-term developmental deficiencies as well. For example, among genes modulated by HisOH treatment were several HOX genes that are key transcription factors for body pattern and organ formation in early development. Also, there were many regulated genes encoding enzymes that mediate histone modifications, such as histone deacetylase 5 (HDAC5), histone acetyltransferase (monocytic leukemia) 3 (MYST3), and myeloid/lymphoid or mixed-lineage leukemia (MLL). Evidence suggests that maternal malnutrition, including protein deprivation, Fig. 2 . Comparison of microarray data from 3 independent studies. Genes that were identified as amino acid responsive based on 3 independent investigations were evaluated for overlap, and data are presented as a Venn diagram. In addition to the results from the present study (HepG2ϩHisOH), the data from With regard to genes categorized in the diseases and disorders section, in the cancer subcategory there were 203 genes altered by AAR activation and among these were proteins involved in critical processes such as transformation, senescence, and apoptosis (Table 4) . For example, cyclin-dependent kinase inhibitor 2B (CDKN2B), growth arrest and DNA damage 45A (GADD45A), Ras-associated proteins, transforming growth factor ␤1 (TGF-␤1), DDIT3, forkhead box O3 (FOXO3), JUN/ FOS family members, and SMAD7 were all activated, suggesting that amino acid limitation affects pathways involved in tumor development and maintenance. Given their critical roles in a range of cellular pathways, many AAR-activated genes were identified with several areas of cell function. For example, the transcription factor ATF3, induced in its expression by up to 16-fold based on the array analysis (Supplemental Table  S2 ), has been reported to be involved in many aspects of cell function, and, accordingly, ATF3 was identified in the subcategories of cellular proliferation and oncogenesis, transcription, apoptosis, DNA repair, immune function and inflammation, and diabetes. Likewise, VEGF, upregulated by more than threefold, plays important roles in many signaling pathways, including promotion of angiogenesis related to solid tumor growth (25) and injury-induced angiogenesis in smooth muscle (43) . Interestingly, the latter response was associated with ATF4-mediated signaling, consistent with the results of Abcouwer et al. (1), who first showed that VEGF is transcriptionally controlled by amino acid availability via an ATF4-dependent mechanism.
Signaling pathways affected by AAR. The IPA software was also used to analyze the data for relationships between the AAR and canonical signaling pathways. This analysis identifies those pathways for which a significant number of members are differentially expressed, based on statistical analysis using Fisher's exact test (P Ͻ 0.05). With this approach, the five signaling pathways that were the most significantly affected by HisOH treatment were hepatic fibrosis/hepatic stellate cell activation, interleukin-6 (IL-6) signaling, retinol metabolism, innate immunity, and IL-10 signaling. Although the P values for many other pathways were not lower than the P Ͻ 0.05 threshold, activation of the AAR revealed differentially expressed genes in many other canonical metabolic and signaling pathways. These additional pathways included peroxisome proliferator-activated receptor (PPAR) signaling, oxidative phosphorylation, Wnt/␤-catenin signaling, Toll-like receptors, NF-B signaling, apoptosis, hypoxia-inducible factor (HIF)-1␣ signaling, and the ERK/MAPK pathway. Although the total number of amino acid-responsive genes within these pathways was not large enough to reach the statistical threshold, amino acid-dependent regulation of key individual members may result in significant modulation of the pathway. Indeed, the NF-B and ERK/MAPK signaling pathways are known to be modulated by amino acid limitation, and subsequently they influence the regulation of other AAR target genes (30, 57, 66) . Collectively, the results of the cellular function and signaling pathway analysis for the array data demonstrate that the impact of amino acid limitation is wide ranging and influences cellular functions well beyond protein and amino acid metabolism.
Networks assembled with differentially expressed molecules.
The biological relationship between the differentially-expressed AAR genes and "gene networks" were analyzed with the Ingenuity Knowledge Base. A gene network illustrates protein actions that involve protein-protein binding, posttranslational modification, or changes in gene expression. Combining the expression array data, which detect changes in mRNA, with a database capable of generating networks based on published information is useful to identify additional genes that may regulate cellular function without a change in mRNA but rather a change in activity, protein-protein interactions, or translational control or by posttranslational modification. Such networks may also provide the molecular basis for generating new hypotheses and identifying potential target genes for further analysis. Furthermore, the gene products that are located at the "hubs" of such networks are proposed to play a central role in related biological processes and may be targets for the development of therapeutic strategies.
Considering the entire set of 1,507 differentially expressed genes with a statistical difference of greater than P Ͻ 0.001 and more than a twofold change, there were 24 networks with a score Ͼ20 (a P value of Ͻ10 Ϫ20 ) (Supplemental Table S4 ). The top three networks are illustrated in Fig. 3 , along with network 23, which was chosen for more detailed discussion because it represents an example of a network that contains an illustrative combination of genes known to be associated with the AAR and genes not previously identified with this response. The remaining four of the top seven networks are included in Supplemental Fig. S2 . To illustrate examples of the primary data from the eight individual RNA samples, heat maps for networks 3 and 23 are shown in Fig. 4 . A network diagram contains "focus genes," those included in the regulated data set, as well as nonregulated proteins added to provide connections between the focus genes. Network 1 contains the transcription factor c-myc (2.3-fold induced by HisOH) as a hub, which is linked to a constellation of AARactivated genes that are members of (PCGF1, PCGF2, PHC2, EED, CBX4, and CBX8) or associated with (PHF1, YAF2, RYBP, TOPORS) the polycomb group protein (PcG) transcriptional repressive complexes PRC1 and PRC2. The PcG proteins were originally identified as repressors of the HOX family of developmentally associated genes. Interestingly, although most of these PcG genes exhibited enhanced expression in response to the AAR (Fig. 3A) , several members of the HOX family were observed to be either increased or decreased by the AAR (Supplemental Table S2 ). The PRC2 complex methylates histone H3 on lysine 27 (H3K27me), which is associated with gene silencing, and the resulting H3K27me3 mark contributes to recruitment or stable binding of the PRC1 complex also associated with gene silencing (59) . The presence of H3K27me3 near the transcription start site of a gene is correlated with transcriptional repression, even in the presence of H3K4me3, a mark considered to coincide with active transcription. Although initially associated with the HOX genes and other developmentally critical genes, it is now clear that PRC2 complexes are involved in the regulation of many genes linked to other functions such as X-inactivation, cell cycle control, and cell transformation (reviewed in Ref. 59 ). The polycomblike PHF1 protein, which exhibited an enrichment of 2.3-fold after activation of the AAR, modulates the PRC2 complex to promote conversion of H3K27me2 to H3K27me3, which is a more effective mark for PRC1 recruitment. The expression of PRC2 member EED was the only PcG protein repressed (2-fold) by activation of the AAR pathway. EED can be expressed as one of four different isoforms that serve to activate PRC2 function to propagate the H3K27me3 mark, but EED can also lead to an unusual PRC2-mediated methylation of linker histone H1 instead of H3K27 methylation (reviewed in Ref. 61 ). Several PRC1 members were identified as induced genes by the array. CBX4 (14-fold) and CBX8 (3-fold) contain chromodomains, which allows binding of the PRC1 complex to the H3K27me3 mark, and PCGF1 (9.3-fold induction) and PCGF2 (3.4-fold) are RING finger proteins that serve as cofactors for E3 ubiquitin ligase and help to compact the chromatin in a repressed state. TOPORS, which was increased by 2.3-fold by the AAR, has been identified as a unique E3 ligase that has both ubiquitin and SUMO-1 ligase activity for chromatin-associated proteins and may play a role in PcG function (55).
Although not considered part of the PRC1 or PRC2 core complexes, two PcG-associated proteins, YAF2 and RYBP (also known as YEAF1), were increased by the AAR by 2.2-fold and 2.8-fold, respectively. These proteins bind to the transcription factor YY1, which may play a role in the recruitment of the PRC2 complex (58, 61) . It has been proposed that the PcG system not only mediates long-term transcriptional repression but also leads to dynamic regulation of some target genes (reviewed in Ref. 47) . Consistent with the concept of dynamic regulation, two H3K27me3 demethylases, JMJD3 and UTX, were also among the genes for which increased expression was observed after activation of the AAR, with values of up to 15-fold and 3-fold, respectively (Supplemental Table S2 ). Four members of the Jumonji family of histone demethylases were also increased in their expression by activation of the AAR, and each of these demethylases removes histone methylation marks associated with transcriptional repression; thus increased gene expression would likely result. The AAR- Fig. 3 . Networks that contain significant numbers of genes associated with the AAR. The subset of 1,507 differentially expressed AAR-regulated genes (P Ͻ 0.001 and a 2-fold change or greater; Supplemental Table S2 ) was analyzed to identify potential interactions between gene products with the information compiled in the Ingenuity Knowledge Base. Each possible network was assigned a score that is the negative log of Fisher's exact test P value, and only networks with a score of at least 20 (P value of 10 Ϫ20 ) were analyzed further (Supplemental Table S3 ). Networks 1 (A), 2 (B), and 3 (C) contained the greatest number of "focus genes," while network 23 (D) is presented as an additional example of a network containing both known and newly identified genes associated with the AAR. Keys explain the symbols used and gene interactions shown. Intensity of pink-to-red symbols indicates degree of upregulation of gene expression and intensity of green symbols indicates downregulation in response to the AAR. regulated demethylating Jumonji members and the specific lysine residue that they demethylate are as follows: JMJD1 (H3K9), JMJD2 (H3K9 and H3K36), JMJD3 (H3K27), and UTX (H3K27). Demethylation of the repressive H3K27me3 mark is often associated with a concurrent trimethylation of H3K4 in the promoters of genes that are actively transcribed. Members of the mixed-lineage leukemia (MLL) family of proteins mediate this H3K4 methylation (3), and several were observed to be increased by the AAR based on the array data (MLL2, 3.4-fold; MLL3, 2.9-fold; and MLL4, 2.3-fold). Interestingly, MLL3 and MLL4 directly associate with JMJD3 and UTX (47) . Although many questions remain to be addressed about the specific roles of these three families of epigeneticrelated proteins during the AAR, such extensive regulation is consistent with the hypothesis that the AAR initiates a broad cellular response to the fundamental stress of amino acid limitation. Furthermore, there is evidence that PcG proteins preferentially repress genes encoding transcription factors (59) . Consequently, AAR-regulated PcG action is likely to widely influence downstream signaling pathways, metabolism, and other critical cellular events.
Network 2 has 31 focus molecules centered around the hub protein of TGF-␤1, for which the expression was increased by 5.5-fold after activation of the AAR pathway (Fig. 3B) . Several differentially expressed proteins function downstream of TGF-␤1, such as follistatin-like 3 (FSTL3), prostate transmembrane protein, androgen induced 1 (PMEPA1), and smoothelin (SMTN), which were elevated in expression by 5.5-fold, 2.5-fold, and 4.8-fold, respectively. Conversely, some of the activated genes, including bone morphogenic protein/activin membrane-bound inhibitor (BAMBI, 4.5-fold) and Smad ubiquitin regulatory factor-1 (SMURF-1, 3.4-fold), encode proteins associated with downregulation of TGF-␤1 signaling, perhaps as a feedback inhibition mechanism. Extending the information of network 1 illustrating an effect of amino acid limitation on genes associated with development, among the induced genes in network 2 were HOXA2 (2.4-fold) and DLX2 (11-fold). The DLX genes constitute a subfamily of vertebrate homeobox genes that are structurally similar to the Drosophila distal-less gene, and six family members have been identified in mammals (63) . The AAR-induced DLX2 has been previously identified as a downstream target of TGF-␤ and bone morphogenic protein 2 (BMP-2) signaling, whereas other DLX family members have been shown to inhibit transcription of TGF-␤ superfamily genes (12) . Network 3 has 29 focus genes, including 1 downregulated gene, BCL2/adenovirus E1B 19-kDa interacting protein 3-like (BNIP3L), and 28 upregulated genes (Fig. 3C) . Nuclear factor (erythroid-derived 2)-like 2 (NFE2L2), also known as NF-E2-related factor 2 (NRF2), was increased by sixfold and is one of the hubs in this network. NFE2L2/NRF2 is a basic leucine zipper transcription factor that plays a central role in the response to oxidative stress (75, 78) and forms heterodimers with a primary mediator of the AAR, ATF4 (27) . NFE2L2/ NRF2 regulates the transcription of numerous antioxidant enzyme genes by binding to the antioxidative response element (ARE) as a heterodimer with MAF (induced 2.1-fold) protein, which is one of several MAF genes (MAF-F, 4.1-fold; MAF-G, 2.7-fold; MAF-K, 3.5-fold) that were detected by the microarray as increased in expression (Fig. 3C and Supplemental Table S2 ). Many members of the FOS/JUN basic leucine zipper transcription factor family, cJUN (11-fold), JUN-B (27-fold), JUN-D (3.7-fold), cFOS (19-fold), and FOS-B (11-fold), were identified as highly upregulated based on the microarray. As shown in network 3 (Fig. 3C) , these members of the FOS-JUN family interact directly or indirectly with NFE2L2/NRF2 and thereby modulate its control during oxidative stress (67) . JUN dimerization protein 2 (JDP2) was identified by the microarray analysis (increased by 9.8-fold) and independently, the JDP2 gene has been documented to be induced by amino acid limitation (Awad K and Kilberg MS, unpublished results). JDP2 modulates the induction of the ATF3 in response to cellular stress (73) , and it represses transcription of the amino acid-responsive CHOP gene (11) . ATF3 exhibits an increased expression of Ͼ16-fold based on the array data (Supplemental Table S2 ) and is included in network 3 (Fig. 3C ). ATF3 plays a critical role in both the AAR (51) and the unfolded protein response pathways (31) and serves as a repressor for the regulation of AAR target genes like asparagine synthetase (ASNS) (10, 51) . ATF3 is reported to dimerize with NFE2L2/NRF2, and its expression is induced in response to the AAR pathway by both transcription (53) and mRNA stabilization (52) . The ATF3-NFE2L2/NRF2 complex suppresses the transcription of oxidative response genes during oxidative stress (79) . Cross talk between oxidative stress response pathways and the AAR has been documented previously, and ATF3 may function as one of the critical links between these two pathways (24, 31) . Interestingly, ATF3 is also contained within another network, network 23, that was highly affected by amino acid limitation and features IL-1␤ as a hub protein (Fig. 3D) . Evidence has implicated ATF3 in IL-1␤-related immune regulation (60) , and it is proposed that ATF3 functions as a negative regulator in proinflammatory chemokine production (13, 36) .
Network 23, which has IL-1␤ as a central hub protein, has 22 focus genes, including 3 downregulated and 19 upregulated genes. IL-1␤ is a proinflammatory cytokine that plays a central role in inflammatory response and autoimmune disorders (55a). Like ATF3, the transcription factors FOS-B (11-fold increase) and JUN-B (27-fold increase) associated with network 23 provide a link between networks 3 and 23 (Fig. 3D) . RhoB (enhanced by 9.5-fold), a member of network 23, is a component of the Rho family of GTPases that are molecular switches controlling a variety of signaling pathways (68a). RhoB further enhances transcription of nitric oxide synthase-2 induced by the cytokines INF-␥, IL-1␤, and TNF-␣ (14a). The array analysis suggested that the mRNA level of network 23 member early growth response 1 (EGR1) was increased 41-fold by activation of the AAR (Fig. 3D , Supplemental Table  S2 ). EGR1 is a zinc finger protein for which expression is induced by IL-1␤ and is also implicated in the regulation of IL-1␤ function (84) and thus provides another bridge between networks 3 and 23. Another IL-1␤-linked protein included within network 23 is growth arrest and DNA damage-inducible 45␤ (GADD45␤), for which the expression was increased by 16-fold. GADD45␤ is a member of the Gadd45 family that is involved in growth arrest, apoptosis, and DNA repair (40a). Although GADD45␤ was previously identified as a proapoptotic protein (53a), a recent report showed that GADD45␤ was selectively induced by IL-1␤ treatment of INS-1E pancreatic cells, and in this context GADD45␤ antagonized IL-1␤-mediated beta cell apoptosis (37a). IL-1␤ is postulated to play a role in the destruction of pancreatic beta cells in diabetes (42a). These results suggest that the pro-or antiapoptotic function of GADD45␤ may depend on different stimuli or the cellular context. Although no significant change of IL-1␤ mRNA after HisOH treatment was detected on the microarray, the upregulation of these downstream effectors of IL-1␤ by amino acid limitation in this in vitro model suggests that protein malnutrition in vivo would significantly affect the IL-1␤-mediated inflammatory response.
Analysis of identified networks for common transcription factors. To test for transcriptional regulatory mechanisms that may contribute to a coordinated expression of the genes within a given network, "ModuleSearcher," a routine in the web-based program TOUCAN (v.3.0.2, http://homes.esat.kuleuven.be/ ϳsaerts/software/toucan.php), was used (2) . Given that the transcriptional regulation of a metazoan gene often depends on the cooperative action of multiple transcription factors, this software defines a cis-regulatory module (CRM) as a region (200 bp was chosen for this analysis) that has multiple transcription binding sites. As an example, the genes in network 3 were analyzed for possible CRMs across the region spanning 2 kb upstream and 500 bp downstream from the transcription start site. For the genes in network 3, the program identified common clustering of regulatory elements for C/EBP␣, glucocorticoid receptor (NR3C1), forkhead box L1 (FOXL1), GATA3, and bromodomain plant homeodomain transcription factor (BPTF) within the promoter region of the 30 genes analyzed. Interestingly, the genes encoding CEBP␣ (3.2-fold, probe set 204039_at), NR3C1 (2.4-fold, probe set 216321_s_at), and BPTF (1.9-fold, probe set 207186_s_at) were induced in expression after HisOH treatment (Supplemental Table S2 ). Regarding these factors, only C/EBP␣ has been previously linked to transcriptional regulation of amino acid-responsive genes. Of particular note among this collection of factors is BPTF, which is the human ortholog of Drosophila nucleosome remodeling factor NURF301, a subunit of the NURF chromatin remodeling complex. Thus far, no direct studies have linked chromatin remodeling complexes to an amino acid-regulated gene. Therefore, it is interesting to speculate that, in response to amino acid limitation, this collection of transcription factors may play a role in the induction of downstream target genes that form a particular network and thereby coordinately modulate specific physiological functions.
Conclusions. The present report documents the changes in gene expression after activation of the AAR in human HepG2 hepatoma cells. The following novel observations were made. 1) When genes were selected with a statistical difference of P Ͻ 0.001 and the arbitrary value of twofold or greater change, Ͼ1,500 genes exhibited a significant change in mRNA content through either transcription or mRNA stability.
2) The functions for the differentially expressed genes ranged widely, covering most aspects of cell function. 3) Analysis of the AAR-regulated genes to generate potential gene networks revealed many interactions that had not previously been associated with dietary protein limitation in vivo or amino acid deprivation in cultured cells.
Extensive regulation of genes encoding proteins that mediate epigenetic changes in chromatin-associated proteins suggests that the AAR may have long-term effects. Furthermore, given the nature of epigenetic memory, the effect of AAR-induced changes may remain even if the protein/amino acid limitation is transient. Indeed, extensive data have emerged to support this concept. The 1944 Dutch famine is an example of the influence of in utero malnutrition on adult-onset chronic degenerative diseases in humans (reviewed in Ref. 56) . Mothers who were exposed to famine during early gestation produced children who as adults had a higher risk of coronary heart disease, a higher body mass index, and a more atherogenic lipid profile. One possibility that would explain these data is that maternal malnutrition results in epigenetic changes in the placenta and/or fetus that, in turn, lead to stable, heritable changes in gene expression during adulthood (71) . Animal studies reveal that even a limited period of maternal dietary deficiency can induce fetal epigenetic changes that manifest as changes in adult life (70) . Mechanistically, protein restriction in utero causes genomewide changes in fetal hepatic DNA methylation, and those changes have the potential to alter the regulation of important genes in the offspring (41) . Thus mounting evidence illustrates that maternal malnutrition, including protein limitation, causes fetal epigenetic changes that alter gene expression after birth. Understanding the regulation of the enzymes that mediate these epigenetic modifications represents an important area of investigation, and the present array studies underscore the breadth of these changes.
